Direct sequencing may be problematic in demonstrating mutations where inherited disease results from multiple different heterozygous variants in large genes. We describe here a novel mutation screening method based on the ability of carbodiimide to bind mismatched DNA and interrupt primer extension thereby identifying both a heterozygous variant and its location. This assay detected all four classes of DNA mismatch in 550 bp engineered plasmid fragments and in two dominantly inherited renal diseases. In patients with thin basement membrane nephropathy, the method demonstrated multiple variants within a single amplicon including some close to the primer binding site. This method also detected a complex mutation in medullary cystic kidney disease type 2 (c.278-289 del/insCCGGCTCCT) as multiple termination events and, furthermore, correctly identified five affected and 28 unaffected family members. Carbodiimide-induced interrupted primer extension identifies heterozygous variants in large or multiexonic genes, where the variants differ in each family, their locations are unknown, and even if there are multiple known non-pathogenic variants within the same amplicon. This assay incorporates a "universal" protocol that detects all types of mutations without the need for further optimization, and potentially detects mutations where the proportion of heteroduplex is less than 50%.
Introduction
The detection of sequence variants is an important tool in diagnostic medicine. While Sanger sequencing represents the "gold standard" for mutation detection and is useful in confirming common mutations, it is expensive and may not identify previously unrecognized heterozygous changes. Thus, screening methods are often used to examine large genes where each family has a different mutation at an unknown site.
Methods for mutation detection use three main approaches: the differential hybridization of wildtype and mutant DNA as exemplified by DNA microarrays; 1 changes to the physical property of mutant DNA, such as its melting profile or mobility through a gradient (high resolution melt curve analysis [hrMCA] , denaturing high performance liquid chromatography [DHPLC] , denaturing gradient gel electrophoresis [DGGE] , and singlestranded conformational polymorphism [SSCP] analysis); [2] [3] [4] [5] and the chemical or enzym atic modification of heteroduplex DNA, such as the binding of carbodiimide or potassium permanganate, or cleavage by hydroxylamine or the plant endonuclease, CEL1. [6] [7] [8] [9] [10] However, many of these methods are not suitable for routine diagnostic use because they are too insensitive or labor-intensive, involve toxic reagents, or require extensive optimization or special instrumentation. In addition, many are suitable only for DNA fragments shorter than 400 bp, and do not distinguish between a polymorphism and functional mutation occurring together within the same amplicon.
Carbodiimide is a commonly available, inexpensive, and non-toxic chemical that forms a covalent bond with the free imino moiety of thymine (T) and guanine (G) residues that are exposed in single-stranded DNA. 11 This property means carbodiimide may be used to detect mutations by binding to mispaired or unpaired bases in heteroduplex DNA. Previously described carbodiimide-based mutation detection methods include retarded electrophoretic migration of bound DNA and interrupted primer extension in a gel assay. 7, 8 The interrupted primer extension method is based on the observation that carbodiimide binding to mismatched T and G residues inhibits DNA polymerase from extending along the DNA strand during amplification, resulting in the formation of a truncated PCR product at the site of the modified base. However, uses standardized reaction conditions for all DNA amplicons and demonstrates multiple variants simultaneously within individual amplicons.
We describe here a novel modification of the carbodiimide-induced interrupted primer extension method that increases its sensitivity and throughput for mutation detection. The approach uses standardized reaction conditions for all amplicons and demonstrates multiple variants simultaneously within a single DNA amplicon. It not only confirms the presence of a mutation within an individual amplicon but also indicates its exact location in the same reaction ( Figure 1 ). The method is used here to detect point and insertion/deletion (INDEL) mutations and polymorphisms in two common dominantly inherited kidney diseases: thin basement membrane nephropathy (MIM 141200) and medullary cystic kidney disease type 2 (MIM 603860). Thin membrane nephropathy affects at least 1% of the population, and is the most common cause of persistent glomerular hematuria worldwide. [12] [13] [14] It is a result of mutations in the COL4A3 and COL4A4 genes, which encode the α3 and α4 chains of type IV collagen, the major constituent of the glomerular basement membrane. 15 Functional mutations in thin basement membrane nephropathy are different in each family, and are usually single nucleotide changes distributed randomly along these genes. Medullary cystic kidney disease type 2 is characterized by progressive renal impairment, kidney cysts, and sometimes hyperuricemia. It results from mutations in the gene encoding TammHorsfall/uromodulin (UMOD), the most abundant protein found in the urine. 16 The majority of mutations identified in the UMOD gene to date cluster in exons 4 and 5.
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Materials and Methods
Plasmid DNA pBR322 plasmid clones engineered with one of eight different single point mutations in the β-globin promoter region 18 were used to assess the ability of the method to detect each class of mismatch, as well as mismatches at various distances from the primer binding site (Table 1) . DNA from patients with dominantly-inherited renal disease
The interrupted primer extension method was studied for its ability to detect a range of mutations in different sequence contexts in human disease and to compare its performance with established mutation detection methods. Genomic DNA samples were examined from 37 patients with biopsy-proven thin basement membrane nephropathy that were all screened previously by SSCP for mutations in exon 25 of the COL4A3 gene. In addition, DNA samples were de-identified and screened from 33 adult members of a family with medullary cystic kidney disease type 2 of whom five had typical clini cal features (renal failure, renal cysts on imaging or renal biopsy) and from 40 healthy blood donors for mutations in exon 4 of UMOD. All the results were validated by Sanger sequencing (Australian Genome Research Facility). This study had the approval of the Human Research Ethics Committee of Austin Health and all participants provided signed informed consent.
DNA amplification
Plasmid and genomic DNA was amplified in a 20 μL reaction volume comprising 100 ng template DNA, 0.2 mM of each dNTP (Bioline), 1.5 mM MgCl 2 1X PCR buffer (Invitrogen), 0.3 μM of each primer (Sigma-Genosys) ( Table 1) , and 1 U of Taq DNA polymerase (Invitrogen). The cycling conditions for all amplicons were as follows: an initial denaturation at 95°C for 5 min, followed by 35 cycles of heating to 95°C for 20 sec, annealing at the temperature optimal for the primer set (Table 1) for 20 sec, and extension at 72°C for 20 sec.
Heteroduplex DNA formation
Following PCR amplification, DNA samples were denatured at 95°C for 10 min, and cooled from 80-25°C, decreasing by 1°C every 2 min in a thermal cycler to promote heteroduplex formation. To detect homozygous sequence variants, PCR products were mixed with equal volumes of wildtype PCR product in a 20 μL reaction volume before initiating heteroduplex formation. The wildtype product was generated from DNA from a non-hematuric, non-proteinuric person who had no pathogenic variants identified on DNA sequencing and in whom all non-pathogenic variants were known.
Carbodiimide binding to heteroduplex DNA
Ten microliters (0.5-1.5 μg) of crude PCR product were incubated with 50 mM N-cyclohexyl-N'-(2-morpholinoethyl) carbodiimide methyl-p-toluenesulfonate (Fluka) and 0.1 M sodium borate, pH 8.0 (Sigma) in a 40 μL 'reaction volume at 30°C for 1 h. The reaction was quenched and excess carbodi imide removed 
Carbodiimide-induced interrupted primer extension
This reaction comprised 5 μL carbodiimidetreated DNA, 0.1 mM of each dNTP, 1.5 mM MgCl 2 , 1x PCR buffer, 0.1M 6-FAM labeled forward primer, 0.1 μM HEX-labeled reverse primer, and 0.25 U of Taq DNA polymerase in a 10 μL reaction volume. 19 The amplification consisted of a single cycle with denaturation at 95°C for 5 min, annealing at 50°C for 1 min, and extension at 72°C for 5 min. The products were then denatured at 95°C for 2 min, plunged onto ice and subjected to electrophoretic separation in a 4.25% polyacrylamide gel (39:1) at 70W for 3 hr on an ABI377 Genetic Analyzer (Applied Biosystems). This method was expected to detect all single-base mutations since each mismatch class generated at least one unpaired G or T in heteroduplex DNA (G.A/T.C, A.A/T.T, C.C/G.G, and G.T/A.C).
Results
Validation of the interrupted primer extension assay CCGGCTCCT a GenBank sequences used to design primers for PCR amplification and subsequent mutation detection with fluorescently labeled primers using the interrupted primer extension assay. b Nucleotides and amino acids were numbered according to GeneBank sequences X80031 for COL4A3 and NM003361 for UMOD, respectively. Nucleotide 1 in the coding DNA reference sequence is the A of the ATG translation initiation codon. Mutation nomenclature according to the Human Genome Variation Society Recommendations. c Expected amplification product sizes from the interrupted primer extension assay. The first number corresponds to the fragment produced by the forward primer (FAM; blue peak profiles) and the second number corresponds to the fragment produced by the reverse primer (HEX; black peak profiles). eight different mutations in the β-globin promoter sequence were used to validate the sensitivity and specificity of the interrupted primer extension assay to detect all four classes of mismatch (G.A/T.C, A.A/T.T, C.C/G.G, and G.T/A.C). Truncated amplification fragments were detected for each mismatch class and were readily distinguished from the wildtype PCR products (Figure 2A-E) . 'For each mismistch class, the number of peaks of expected size (Table 1) were found (Table 1) were found and no "false positives" were detected. An example and interpretation for each mismatch class is provided. The G.A/T.C mismatch resulted in carbodiimidebound G and T residues in the same strand orientation, forming a single termination peak as a result of truncated amplification by the forward primer ( Figure 2B ). The A.A/T.T mismatch resulted in carbodiimide binding to the mismatched T residues on alternative DNA strands, which were amplified by both the forward and reverse primers and hence resulted in two different sized PCR products ( Figure 2C) . Similarly, the C.C/G.G mismatch resulted in mismatched G residues on alternative strands, forming two differently sized truncated products as a result of carbodiimide binding to both G residues (Figure 2D ). The G.T/A.C mismatch resulted in mismatched G and T residues on alternative strands that underwent carbodiimide modification producing two termination peaks of different lengths as a result of the truncated amplification from both primers ( Figure  2E ). The use of dual-labeled forward and reverse primers confirmed the mutations in both directions and enabled the detection of an A>C mutation by detecting the complementary G>T mutation on the opposite strand.
Application of the interrupted primer extension assay
The carbodiimide-induced interrupted primer extension method confirmed the presence of two heterozygous mutations (c.1594G>T and c.1750G>T) and a homozygous polymorphism (c.1721C>T) in exon 25 of the COL4A3 gene in three individuals from the 37 with thin basement membrane nephropathy who were studied. The interrupted primer extension method detected all mutations identified with SSCP and did not detect any novel changes.
The c.1594G>T and c.1750G>T mutations both resulted in G.A/T.C mismatches ( Table 1) . The carbodiimide-bound G and T residues were in the anti-sense orientation and were only detected by the forward primer. The resulting truncated product for c.1750G>T was 31 bp in length but still readily distinguishable from unincorporated primers, dNTPs, and primerdimer ( Figures 3A and B) . The c.1721T>C polymorphism resulted in a G.T/A.C mismatch that produced termination products that were detected in both directions (Table 1) .
To assess the interrupted primer extension method in a clinical setting, 33 DNA samples from a family with medullary cystic kidney disease type 2 and 40 control DNA samples were de-identified and screened for mutations. Analysis of the 73 DNA samples in a blinded manner allowed an unbiased determination of the sensitivity and specificity of the assay for mutation detection as well as evaluation of the ease of interpreting chromatograms without having any prior genotype knowledge. The interrupted primer extension method identified a complex heterozygous mutation in exon 4 of the UMOD gene in five family members diagnosed with medullary cystic kidney disease type 2 clinically and with imaging ( Figures 3C and  D) . The variant was not present in the 28 unaffected family members or any of the 40 control DNA samples. Sanger sequencing was performed to characterize the mutation and further validated these findings. The UMOD gene mutation (c.278-289 del/insCCGGCTCCT) was a 12 bp deletion with a 9 bp insertion. After heteroduplex formation, this mutation resulted in multiple mispaired and 'unpaired G and T bases producing many termination fragments with both the forward and reverse primers, which were detected as a series of termination peaks on electrophoretic separation. Figure 3E shows a theoretical schematic of the potential carbodiimide binding sites generated after heteroduplex formation of the insertion/deletion mutation that would result in a series of mispaired and unpaired bases.
Discussion
Carbodiimide-induced interrupted primer extension is a sensitive and robust assay for mutation scanning in inherited disease. It reduces the amount of sequencing required by accurately locating the DNA mismatch, identifies pathogenic mutations even when another variant is present simultaneously within the amplicon, and differentiates between pathogenic and known non-pathogenic variants.
The studies described here demonstrated that interrupted primer extension detected all four classes of mismatch in a 550 bp PCR product from plasmid DNA samples. Furthermore each assay used the same conditions; in particular, reagent concentrations and incubation temperatures. This assay detected all 12 mutations from a total of 119 DNA samples, and the results with interrupted primer extension were concordant with those from SSCP in thin basement membrane nephropathy and with the clinical and histological diagnosis of medullary cystic kidney disease in members of a large affected family.
Carbodiimide is a widely-available, inexpensive, and safe laboratory reagent. The interrupted primer extension assay was simple to perform, and chromatograms were interpreted easily. The use of universal M13 fluorescent primers 17 in the second amplification round provided the opportunity for multiplexing and electrophoretic separation, and helped reduce costs. The standardized conditions were compatible with robotic automation and high-throughput set-ups.
The novel modifications described here addressed the issues that limited sensitivity in previously described carbodiimide-based mutation detection methods. 7, 8 The sensitivity of detecting mismatched DNA was enhanced with the use of fluorescent-rather than radio-labeled DNA. The DNA yield itself was increased with the use of fluorescent-labeled DNA, elimination of a precipitation step by incubating the crude PCR product with carbodiimide excess, and precipitation of the DNA with isopropanol because carbodiimide is soluble in ethanol. The modifications also enhanced the method's specificity. Firstly, the use of a high salt concentration buffer (100 mM sodium borate) facilitated compression of the duplex DNA and potentially reduced "breathing" of the DNA ends thereby minimizing non-specific binding with internal G and T bases. This allowed the use of excess carbodiimide in the assay to ensure sufficient binding to all classes of mismatched DNA, especially G.G/C.C where binding is weakest. 7 Secondly, reducing the concentration of PCR primers and DNA polymerase in the second amplification round meant the chromatograms were easier to interpret and also minimized the yield of non-specific product.
Conclusions
Carbodiimide-induced interrupted primer extension represents a novel approach for mutation detection in large, multi-exonic genes where the pathogenic mutations are different in each family, their locations are unknown, and they must be distinguished from multiple known non-pathogenic variants within the same amplicon. The assay described here incorporates a universal protocol that detects all types of mutations and eliminates reaction optimization for individual amplicons. This method may be particularly useful in detecting mutations where the proportion of heteroduplex is less than 50%. 
